Introduction
Antimicrobial resistance is an emerging threat to the global public health as antibiotic-resistant strains of pathogenic bacteria are becoming increasingly prevalent. 1 Understanding the mechanism of antibiotic resistance would make it possible to design novel antibacterials or improve the current arsenal of antibacterials. Fosfomycin, an antibiotic effective for treating urinary tract infections (UTIs) discovered in 1969, is of particular interest due to its broad-spectrum activity against Grampositive and Gram-negative pathogens. 2 However, lack of understanding on the drug-resistance mechanism of Fosfomycin has limited the development of novel or alternative antibiotic therapies to tackle its drug-resistance. Fosfomycin (FM; CAS: 23155-02-4) is an inhibitor of the MurA enzyme, 3 which catalyses the first step of peptidoglycan synthesis. Fosfomycin is inactivated by Fosfomycin Resistance Kinase A (FomA) and Fosfomycin Resistance Kinase B (FomB) via two consecutive phosphate transfer reactions. FomA catalyses the Mg 2+ -ATP dependant phosphate transfer to fosfomycin to produce the product Fosfomycin monophosphate (Figure 1 ), which is subsequently phosphorylated by FomB to yield fosofomyin diphosphate. 4 FomA is a member of the amino acid kinase (AAK) family characterised by a three-layered αβα sandwich molecular architecture. The family is divided into two subdivisions; those which catalyse phosphate transfer to a phosphate group such as isopentenyl phosphate kinase (IPK), 5 uridine monophosphate kinase (UMPK) 6 and FomA, 7 and those which catalyse phosphate transfer to a carboxylate group such as carbamate kinase (CK), 8 aspartokinase (AK), 9 glutamate-5kinase (G5K) 10 and N-acetyl-L-glutamate kinase (NAGK). 11 The conformational change of FomA induced upon substrate binding was investigated by a computational study. 12 However, so far, there is no report on phosphorylation reaction mechanism of FomA. Here we present the first theoretical study on the reaction mechanism of FomA by using molecular modelling, molecular dynamics and a combined QM/MM study and revealed that FomA actually catalyses the phosphorylation of fosfomycin through a dissociative reaction, instead of the previously suggested associative reaction mechanism. 7 Understanding the detailed reaction mechanism of FomA and the functions of the specific residues involved in phosphorylation would provide the theoretical basis for bypassing the inactivation of fosfomycin by FomA to tackle its antibiotic-resistance. 
Protein Preparation
FomA in complex with Mg 2+ , ATP and the substrate was built by superimposing the ATP-Mg 2+ -FomA complex (PDB Code: 3QUN) onto the crystal structure of ADP-FMVO 3 -Mg 2+ -FomA complex (PDB Code: 3QVF). 7 The vanadate group was removed from FMVO 3 to produce the ATP-FM-Mg 2+ -FomA reactant complex. Protonation states were decided using ProPka 13 and by visual inspection.
Molecular Dynamics simulations
Molecular dynamics simulations were performed for the ATP-FM-Mg 2+ -FomA complex using the GPU version of AMBER14 14 and and the FF14SB forcefield. 15 The parameters of ATP were obtained from the AMBER parameter database deposited by Bryce group 16 while RESP charges for the substrate were calculated through a single point charge calculation using Hartree-Fock (HF) theory and the 6-31g(d) basis set (Table S1 ) using Gaussian09. 17 The protein was solvated in an octahedral TIP3P water box composed of 7363 solvent molecules.Eleven sodium counter ions were used to neutralize the charge of the protein system. Electrostatic interactions were calculated using the particle mesh Ewald (PME) method 18 and a cutoff distance of 10 Å was used. The protein was subjected to two energy minimizations followed by 50 ps of equilibration using a NVT ensemble and Langevin dynamics with a force constant of 50 kcal mol -1 A -2 to restrain the protein while it is heated slowly from 0 K to 300 K. 100ns production simulations were performed at 300 K in the NPT ensemble using Langevin dynamics and a time step of 2fs was used. SHAKE constraints 19 were applied to all bonds involving hydrogen atoms. Three replica MD simulations with random initial velocities were performed for each kinase complex system.
QM/MM Calculations
Cluster analysis was performed for the equilibrated trajectory of the MD simulations and a representative structure from cluster analysis with catalytically feasible configuration was selected for the subsequent QM/MM study. All QM/MM calculations were performed using the ONIOM method implemented in Gaussian09. 17 The QM layer was treated with the B97D functional to take into consideration Grimme's dispersion effect 20 and the 6-31g(d) basis set; the remainder of the molecular system was described at the molecular mechanics level using the Amber Parm99 force field 21 . The energies of the stationary points were calculated at the B97d/6-311++g(2df) level of theory (Table S2 ). An electronic embedding scheme was implemented to incorporate the partial charges of the MM region into the quantum mechanical Hamiltonian 22 . QM/MM was set up according to the Tao protocol 23 where the residues within 6 Å of the active site of the ATP-FM-Mg 2+ -FomA complex were allowed to move freely while the remainder of the system was frozen. The QM region was composed of the triphosphoryl side chain and truncated methyl group of ATP, the substrate fosfomycin, Mg 2+ and three coordinating water molecules. Lys9, Lys18, Lys216, His58, Asp208 and Asp150 were also included in the QM region with their side chains truncated. In total 42 heavy atoms were included in the QM region. Hydrogen link atoms were utilized to cap the bonds crossing into the MM region. [24] [25] RESP charges used for ATP and fosfomycin in the MD simulations were implemented in the QM/MM calculations. The initial structures obtained from cluster analysis of the MD trajectory were subjected to a geometric optimization and then used as the starting structure for a potential energy scan. The reaction coordinate was set as the distance between the γphosphate phosphorous of ATP and the protonated phosphate oxygen of the substrate Fosfomycin, and scanned in an increment of 0.1 Å. The structure taken from the saddle point of the PES scan was optimized as a transition state and validated by the characteristic unique imaginary frequency. An IRC calculation was used to link the stationary points along the reaction pathway.
Results and Discussion

Catalytically competent structure of ATP-FM-Mg 2+ -FomA complex
In the crystal structure of Streptomyces wedmorensis FomA in complex with fosfomycin and MgAMPPNP, the distance between the oxygen atom of fosfomycin phosphate and phosphorus atom of AMPPNP (5.2 Å) is too far for the in-line phosphate transfer to happen (Figure 2a ). 26 Further, several crystal structures of FomA complexed with ATP and fosfomycin were reported, 7 among which, only the ADP-FMVO 3 -Mg 2+ -FomA complex (PDB Code: 3QVF) contained an ordered catalytic site. In order to attain an catalytically competent ATP-FM-Mg 2+ -FomA complex so as to investigate the mechanism of the phosphate-transfer reaction catalyzed by FomA, we built a complete FomA complex model by superimposing ADP-FMVO 3 -Mg 2+ -FomA and ATP-Mg 2+ -FomA complex (PDB Code: 3QUN).
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The γ-phosphate of ATP in the resulting complex model was located 4.4 Å from the phosphate group of fosfomycin and favourably orientated for in-line phosphate transfer ( Figure S1 ), representing a catalytically competent pose of the nucleotide. Root mean square deviation (RMSD) values of the protein Cα atoms were calculated with the initial structure as the reference structure. This showed that the system equilibrated after 10 ns ( Figure S3 ). In the ATP-FM-Mg 2+ -FomA reactant model ( Figure  S3 ), the distance between the γ-phosphate of ATP and the phosphate group of fosfomycin was 4.4 Å. Since the pose of ATP in the reactant ATP-FM-Mg 2+ -FomA complex model was taken from the nucleotide in the crystal structure of ATP-Mg 2+ -FomA (PDB Code: 3QUN), it was necessary to examine the conformational stability of the nucleotide in the built model during MD simulations. RMSD analysis was performed on ATP using the initial ATP pose as a reference. From the RMSD plot of the heavy atoms in ATP ( Figure S3 ), it can be seen that the average RMSD value was approximately 0.5 Å, indicating the nucleotide was evolved into a stable conformation. With time evolution, ATP adopted a favourable orientation to facilitate phosphate transfer with the distance between the γ-phosphate of ATP and the phosphate group of fosfomycin being 3.4 Å ( Figure S4 ). Superimposition of ATP from the MD representative structure and that in the original complex model revealed significant changes in the triphosphoryl moiety of ATP ( Figure S1 ), which may be indispensable for reorganizing of the catalytic site of FomA during phosphate transfer. In the crystal structures of FomA, 7, 26 His58 does not directly form a hydrogen bond with the γ-phosphate group of ATP/AMPPNP and the substrate phosphate, although it is in the proximity of both the substrate phosphate and the γ-phosphate of ATP. Instead, it is tethered by a structural water molecule around the vicinity of the substrate and the nucleotide. Interestingly, with time evolution of the MD simulations, His58 moves closer to the catalytic centre, forming hydrogen bonds with both substrate phosphate and the γphosphate of ATP and thus rigidifying/ordering the flexible phosphate tail of ATP in the catalytic site (Table S3 ). The entropy loss associated with rigidification of ATP may be compensated by additional interactions with the surrounding residues. An ordered Lysine triangle composed of Lys9, Lys18 and Lys216 ( Figure S2 ) in AAK kinases has been suggested to be crucial for the catalytic reaction. Structural and mutagenesis studies of FomA together with sequence comparison with its homologous enzymes Please do not adjust margins Please do not adjust margins indicated Lys9 and Lys216 participate the interaction with the phosphate tail of ATP, while Lys18 stabilizes transition state. 7 In the crystal structure of FomA in complex with ATP or AMPPNP, 7, 26 Lys9 interacts with the β-phosphate of ATP or AMPPNP. Interestingly, our MD simulations show that Lys9 formed favourable interactions with both β-and γ-phosphate of ATP with the movement of the flexible ATP tail (Figure 2b ). In the crystal structure of FomA, Lys18 on the glycine rich loop is in the proximity of the γ-phosphate of ATP and Asp208, which is located on the flexible loop connecting α-helix 6 and α7. Notably, with time evolution of the MD simulations, while Lys18 remained in the salt-bridge interaction with Asp208, it approaches the α-phosphate, forming ionic interactions with both α-and γphosphate, and thus greatly restraining the flexibility of the triphosphate tail of ATP (Figure 2b , Figure S4 ). Furthermore, our MD simulations showed Asp208 remains hydrogen bonded with a coordinating water, as observed in the crystal structure of FomA. 26 Thus Asp208 not only organizes the Mg 2+ coordination via the hydrogen bond interaction with a coordinating water, but also helps to reorganize the catalytic pocket via the ionic interaction with Lys18, which in turn orders the flexible phosphate tail of ATP, facilitating the phosphate transfer.
QM/MM calculations revealed a dissociative transition state of FomA
The crystal structure of the ADP-FMVO 3 -Mg 2+ -FomA complex was resolved with a vandate ion used to mimic the γ-phosphate of ATP in order to mimic the transition state. 7 However, the bond lengths corresponding to the reaction coordinates in the complex indicate that it is more analogous to the product complex than the postulated transition state structure. Therefore, ambiguity still surrounds the actual reaction mechanism of FomA.
To acquire a comprehensive understanding of the reaction mechanism of FomA, the chemical reaction pathway concerning phosphate transfer was studied using QM/MM. Cluster analysis was performed on the last 10 ns of the 100 ns MD simulation and a representative structure for further QM/MM calculations was chosen based on the occurrence and liability for a phosphoryl reaction to occur. Starting from the representative structure resulting from the MD simulations of the ATP-FM-Mg 2+ -FomA complex, QM/MM calculations were performed using the QM/MM (B97d/6-31G(d):AMBER99), whereby the QM calculation was performed at the B97d/6-31G(d) theory level, and the MM calculation was carried out using the AMBER99 force field. The B97d functional was chose since it was found to perform well on fellow AAK, IPK 27 . The QM/MM optimized structures of the reactant, TS and product show that Lys18 remains in ionic interactions with Asp208 and the αand γ-phosphate of ATP, helping to position the nucleotide and organize the catalytic site during phosphate transfer (Figure 2c-e ). During phosphate transfer, negative charge would accumulate upon the cleavage of the bond between the β-and γ-phosphate of ATP. In the QM/MM optimized stationary point structures of FomA, Lys18 remains in the close proximity of the β-, γ-bridging oxygen, stabilizing the negative charge developed during phosphate transfer.
A previous site directed mutagenesis study implicated His58 in stabilising the transition state. 7 The corresponding histidine residue His50 in IPK, another kinase in the 'phosphate' subdivision of the AAK family, was also suggested to be crucial for substrate binding and stabilizing the transition state (TS) from previous mutagenesis studies and a QM/MM study. 27, 28 In our QM/MM optimized structures of the reactant, transition state and product, His58 remained tethered between the substrate phosphate and the γphosphate of ATP ( Figure 2 ). Thus our results show that His58 plays a predominant role in positioning the substrate in the catalytic site and stabilizing the transition state during phosphate transfer. This is in good accordance with previous mutagenesis studies on FomA 7 as well as the kinetic and QM/MM studies on its homologous kinase IPK. 27, 28 QM/MM studies on IPK 27 revealed that the backbone amide of Gly8 stabilized the TS by forming a hydrogen bond with the β-, γ-bridging oxygen atom of ATP. In the optimized TS structure of FomA, the corresponding glycine residue Gly12 on a γ-turn secondary structure also forms a hydrogen bond with the β-, γ-bridging oxygen of ATP ( Figure S5 ), indicating Gly12 also participates the stabilization of the TS of FomA. Enzyme kinetic analysis of the conversion of fosfomycin catalyzed by Streptomyces wedmorensis FomA-revealed a turnover number (k cat ) of 155.9 s −1 , which corresponds to a free energy barrier of 14.46 kcal mol −1 . 7 The estimated energy barrier from QM/MM calculations is 17.31 kcal mol −1 (Figure 3) . Thus, the calculated energy barrier is in good agreement with the previously measured experimentally determined kinetic constant. An associative reaction mechanism was proposed for FomA based on the crystal structures of FomA. 7 The associative or dissociative character of the transition state can be estimated using Pauling's formula: D(n) = D(1) -0.6 log n. 29 Here, D(1) = 1.73 Å representing the average length of a P-O bond, and D(n) is defined as the average of the two P-O distances (2.05 Å) in the transition state structure. The estimated fractional bond number (n) associated with the QM/MM optimized geometry of the transition state is 0.30, indicated a dissociative character of 70%. This is similar to IPK, another AAK kinase, for which a dissociative nature of the TS was also proposed. 27 . Thus our calculations revealed that the phosphorylation catalysed by FomA proceeds with a dissociative mechanism (Figure 4) , instead of the previously proposed associative mechanism.
In cyclin-dependent (protein) Kinase-2 (CDK2), Mg 2+ is also coordinated to α-, β-, γ-phosphates of ATP. However, in contrast to the reaction catalyzed by CDK2, which is assisted by a general base, 30 Asp208, although close to the titratablecatalytic residue His58, does not function as a catalytic base in FomA. In the present research, we determined that the reaction catalyzed by FomA occurs via a direct phosphorylation mechanism (Figure 3 ), similar to that found for two GHMP kinases, galactokinase (GALK) and PMK 31, 32 as well as another AAK kinase IPK. 27 
Water-assisted network in ordering the nucleotide in the active site of FomA
In the crystal structures of ADP-FMVO 3 -Mg 2+ -FomA (PDB code: 3QVF) 7 and AMPPNP-FM-Mg 2+ -FomA (PDB code: 3D41), 26 Ser13 forms a hydrogen bond with the oxygen or nitrogen atom corresponding to the β-, γ-bridging oxygen atom of ATP ( Figure  2f ). In the crystal structure of FomA complexed with ATP and fosfomycin (PDB code: 3QUO), Ser13 is hydrogen bonded to βphosphate. Interestingly, from our MD simulations, we found Ser13 is tethered in the catalytic site by a hydrogen bond network mediated by four structural water molecules (Table  S3 ). One of these water molecules is hydrogen bonded to Ser13, the γ-phosphate and a second water molecule, which is in turn hydrogen bonded to Asp171 and the α-phosphate oxygen (Figure 2b, Figure 4 ). Another water molecule tethers Asp171 and the α-phosphate of ATP by additional hydrogen bonds. This water-mediated hydrogen bond network breaks up following the approach of Lys18, which functions to order and rigidify the ATP triphosphate tail. A fourth water nestles between Asp171 and Ser13. In the QM/MM optimized reactant and TS structures (Figure 2c, 2d, 2e) , such four-water hydrogen bond network is generally maintained. However, it should be noted that the water linking Ser13 and γ-phosphate moves further away from γ-phosphate so that it allows the γ-phosphate to be transferred. Interestingly, in the QM/MM optimized product, the tight four water network as observed in the MD simulated complex structure is resumed, with a water linking Ser13 and βphosphate of ATP. Thus the water-mediated hydrogen bond network in the catalytic site of FomA is important in ordering the ATP nucleotide, facilitating the phosphate transfer.
Water is essential for cell and molecular biology, and so watermediated networks may play a significant role in the function of kinases, and therefore novel kinase inhibitors may be developed by interfering with the structural water in the catalytic site. 33 For example, Aurora kinase A was found to be activated by the spindle-associated protein mediated by a water network. 34 A clinical kinase inhibitor Bosutinib displays its selectivity by engaging the conserved water-mediated hydrogen bond network in the active site. 35 The well maintained, water-assisted hydrogen bond network in FomA identified in the present work would be useful for design of novel selective drug therapies to tackle the drug resistance to fosfomycin.
Fig. 4
Water mediated hydrogen bond network around the phosphate tail of ATP in the active site of FomA.
The role of the key residues revealed by MD simulations of the mutants
The key residues of FomA were mutated and MD simulations were performed on these mutants to understand their role in the activity of the kinase and the binding of substrates.
H58A/L
Both FomA and IPK belong to AAK kinase family. In Methanocaldococcus jannaschii IPK, mutating His60 (corresponding to His58 in FomA) to alanine or asparagine resulted in no detectable activity while the H60Q mutation resulted in significantly reduced catalytic efficiency. 28 Similarly, mutation of His58 in FomA resulted in no detectable activity in the enzyme. 7 Recently, a QM/MM study of Thermoplasma acidophilum IPK suggested that His50 (corresponding to His58 in FomA) plays an important role in substrate binding. 27 In the WT FomA, Lys18 is located between the α-and γ-phosphate groups of ATP, assisting in positioning the nucleotide for phosphate transfer (Figure 2B-2D) , whereas in simulated structure of the H58A mutant, Lys18 moves away from the α-phosphate and is located between γ-phosphate groups of ATP and the substrate phosphate group ( Figure 5A) , and therefore the resulting configuration is unfavourable for substrate binding and stabilizing the TS. In addition, the ionic interaction between Lys18 and Asp208 observed in the WT enzyme is abolished in the H58A variant. Thr210, which is hydrogen bonded to a coordinating water in the WT kinase, is found to form a hydrogen bond with Asp208 in the variant. In comparison with the WT kinase, the phosphate tail of nucleotide in the H58A mutant is largely flexible, which is mainly due to the significant conformational change around the flexible loop connecting α-helix 6 and α7 (where Asp208 and Thr210 are located) ( Figure S6 ).
Remarkably, due to the absence of the histidine side chain at the γphosphate of ATP, Ser13 turned towards the γ-phosphate group of the nucleotide. As a result, the water network observed in the WT kinase is disrupted and Asp171 moves away from the active site, such that the water-mediated network around ATP observed in the WT kinase is lost in the mutant. In the MD simulated structure of WT kinase, Ser148 forms a hydrogen bond with the phosphate group of fosfomycin substrate, whereas in the H58A mutant the hydrogen bond is disrupted, such that the substrate cannot be positioned appropriately anymore. MD simulation of H58L was also conducted. It was found that in the variant Lys216 turns toward Thr170 to establish a hydrogen bond, so that the ionic interaction between Lys216 and Asp150 observed in the WT kinase is diminished ( Figure S7A ).
S13A and D171A
In the D171A mutant, the distance between the phosphate group of the substrate fosfomycin and γ-phosphate of ATP in the MD simulated structure is increased to 4.0 Å (from 3.4Å in the WT kinase), making the reaction less favourable. Due to the D171A mutation, the ionic interaction between Asp171 and Ser13 observed in the WT kinase is lost. As a result, Ser13 approaches the γphosphate of ATP and the four-membered water network observed in the WT MD simulation is changed into a two-water network ( Figure 5B ). In the S13A mutant, Asp171 pointed away from active site due to lack of the ionic interaction with Ser13 so that the waternetwork that assists organizing ATP in the catalytic site is also reduced ( Figure S7B ).
K9A, K18A and K216A
Kinetic studies showed a ~40 fold decrease in k cat for the K9A mutation compared to the WT enzyme. 7 The MD simulated structure of K9A shows that Asp171 moves away from Ser13, and that Ser13 directly bonds to the γ-phosphate of ATP ( Figure 5C ). The loop where Asp208 and Thr210 are located also undergoes significant changes and the substrate is pushed away from the ATP γ-phosphate so that Thr210 no longer binds the phosphate group of the substrate. The four-water network observed in the WT kinase is reduced to a onewater network.
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FomA exhibited no detectable activity when Lys18 was mutated into alanine. 7 From our simulation, significant conformational changes around the glycine-rich loop were observed in both K18A and K216A ( Figure 5D&5E , Figure S6 ). In the K216A mutant, Lys18 moves away from the active site such that ATP and the substrate are no longer in a favourable distance or orientation to each other for the phosphate transfer to occur ( Figure 5E ). In addition, His58 moves away from ATP and is only hydrogen bonded with the substrate fosfomycin. In addition, Ser13 approaches the γ-phosphate of ATP and Asp171 turns away from the active centre due to loss of the ionic interaction with Ser13, such that four-water network in the WT kinase changes into a two-water network.
S148A and S149A
Kinetic data showed that two tandem serine residues, Ser148 and Ser149, are critical for substrate binding and FomA's activity. S148A mutation caused a ~4-fold decrease in k cat and a ~17-fold increase in K M for fosfomycin. A S149A mutation led to a ~10-fold decrease in activity and a 39-fold increase in K M for fosfomycin. 7 Our MD simulations of the S148A mutant show the Ser13 turns towards the γ-phosphate of ATP, and the ionic bond with Asp171 is broken. As a result the water network rigidifying ATP is disrupted ( Figure 5F ). MD simulations of the S149A mutation show both Asp171 and Ser13 move away from the active site and Ser13 forms a hydrogen bond interaction with the γ-phosphate of ATP, such that the four-water network in the WT kinase is reduced to two-water network ( Figure  S7E ).
D208A, D150A and T210A
Kinetic studies showed that the D208A mutation caused a ~13-fold decrease in k cat . 7 MD simulations of D208A show the loop where the aspartate is located experienced notable conformational change ( Figure S7C ). Thr215, which is hydrogen bonded to the backbone oxygen of Thr210 on the loop in the WT kinase, becomes surface exposed in the variant. In the WT FomA, Asp150 forms an ionic interaction with Lys216. MD simulations of the D150A mutant show that due to the loss of ionic interaction with Asp150, Lys216 turns toward Thr170, establishing a new hydrogen bond. The loop where Asp208 and Thr210 are located exhibits remarkable conformational change ( Figure S7D) , such that the hydrogen bond between Thr210 and Thr215 present in the WT kinase is lost in the D150A variant. In addition, Ser13 moves away from the active site resulting in an attenuated water network. Thus A mutagenesis study showed that a T210A mutation led to no detectable activity or binding affinity of fosfomycin. 7 In our MD simulations of T210A ( Figure S7F ), the substrate moved away from the nucleotide ATP due to the loss of the hydroxyl moiety of Thr210, which forms a hydrogen bond with fosfomycin in the WT kinase. His58 moves away from the substrate fosfomycin and is only hydrogen bonded with the γ-phosphate of ATP. Furthermore, Ser13 and Asp171, which mediate the water network around ATP in the WT kinase, turns away from the catalytic site and Ser13 becomes directly hydrogen bonded to the γ-phosphate of ATP.
Conclusions
Understanding the drug resistance mechanism of fosfomycin is a critical task in tackling the ongoing problem of antibiotic resistance. Previously crystallography studies revealed different states of FomA during the phosphate transfer process, however, the complete complex structure representing a catalytically competent conformation and transition state structure have not been elucidated, resulting in ambiguity remaining around the reaction mechanism. Therefore, it was necessary to elucidate the catalytically active conformation of the kinase and the reaction mechanism in order to tackle the challenge of antibiotic resistance of fosfomycin.
Here, based on MD simulations on the ATP-FM-Mg 2+ -FomA reactant complex, we found that Lys18 plays a pivotal role in positioning the nucleotide to facilitate the phosphate transfer. Further we identified a water network mediated by Asp171 and Ser13 which is crucial in maintaining ATP in a catalytically competent conformation. MD simulations on the mutants generated by mutating His58, Thr210, two tandem serine Ser148/Ser149and the lysine triad comprising Lys9, Lys18 and Lys216 disclosed that these residues play significant role in the water network identified involving Asp171 and Ser13, further underpinning the importance of the water-mediated network in maintaining an ordered nucleotide in the active site of FomA.
A QM/MM study was performed to study the reaction mechanism of FomA and a dissociative reaction mechanism was revealed, which is analogous to the homologous AAK kinase IPK, but in contrast to the previously proposed associative mechanism for FomA. The QM/MM study further revealed that His58 plays a significant role in substrate binding as proposed in the previous literature 7 where it was suggested to position the ATP molecule in the transition state. The water-mediated network in the catalytic centre of FomA and the elucidated drug resistance mechanism of fosfomycin in the present study would provide valuable insights for development of novel or alternative therapies to tackle the antibiotic-resistance of fosfomycin. Potential strategies include developing fosfomycin analogues inhibit that disrupt the four-water network or which are not compatible with binding to four-water-FomA; de novo design of novel compounds that disrupt the four-water network in FomA; alternatively; developing TS analogues to inhibit FomA directly, based on the mechanism revealed in the present study.
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